Performance Evaluation of Cooling Towers at Khartoum North Power Station by Elawad, Nazik Hassan Ali
ﻢﻴﺣﺮﻟﺍ ﻦﻤﺣﺮﻟﺍ ﷲﺍ ﻢﺴﺑ  
University of Khartoum 
Faculty of Engineering and Architecture 
Department of Electrical and Electronic Engineering 
 
 
 
Performance Evaluation of Cooling 
Towers at Khartoum North Power Station 
 
 
 
A Thesis submitted in partial Fulfillment of the Requirements for the M.Sc. 
Degree in Power Systems Engineering 
 
 
By 
Nazik Hassan Ali Elawad 
 
Under the Supervision of 
Dr. Kamal Nasr Eldin Abdalla 
 
Feb. 2008 
 i
 
  
 
 
 ـــﺔاﻵﻳــــــ
 
 
 
 ﺑِـﺴОـِﻢ اِﷲ اﻟﺮϿﺣОﻤЙِﻦ اﻟﺮЍﺣِـﻴِﻢ
 
ﻗــــﺎﻟـــــﻮا  ﺳُـﺒْـﺤـــــــﺎﻧـــﻚϿ  ﻻг ﻋـــــــﻠـــــﻢЙ     "  
ﻟـــــﻨــــﺎ ِإﻻс ﻣـــــــﺎ  ﻋــــﻠـﱠﻤـْـــﺘَـــﻨــــﺂ  ِإﻧــــــﻚϿ     
 "ـــــﻴــــــﻢТَأﻧــْــــــﺖϿ اﻟْـﻌـــــﻠِــﻴــــــــﻢТ اﳊЄـَـــــﻜـ
 
 ﺻЙـﺪϿق َاُﷲ اﻟﻌَــﻈِــﻴﻢ
  ﺳﻮرة اﻟﺒﻘﺮة 23اﻵﻳﺔ      
  
 
 
 
 
 
 
 
 noitacideD
 
 
ii 
 
To 
     My great mother 
  My kind father 
   My teachers    
 
 
 
 
 
 
 
Acknowledgement 
 
iii 
 
I would like to express my great and faithful gratitude to my supervisor:  
Dr. Kamal Nasr-Eldin Abdalla  for  his  guidance,  assistance  and  
valuable  advices.  
Also, I am grateful to whole staff  of  the  department of Electrical & 
Electronic  Engineering  and  the  department  of  Mechanical  
Engineering,  University  of  Khartoum. 
My Thanks extended to all engineers and workers at Dr. Mahmoud 
Shareef Power Station. 
Last,  and  foremost  thanks  to  my  family  for  their  care  and  my  
husband  Khalid  for  his  valuable  effort  in  preparing  this  work. 
 
 
 
 
 
 
 
 
 
Abstract 
 
iv 
 
     The objective of this research is to study the performance of the cooling towers and the 
factors affecting this performance at Khartoum North power station (Dr Mahmoud Sharif 
Station). 
 
 
     The conducted research dealt with measuring performance parameters Like temperature and 
flow rates of air and water in and out of the tower during a specific period.  Then these measured 
parameters were evaluated and compared to manufacturer׳s data. 
 
 
     From the results obtained it was found that the cooling tower efficiency deviation of the 
actual value from the design value is attributed to many reasons. Some of these reasons are due 
to negligence of routine cleaning and maintenance, dusty conditions, formation of deposits, 
failure of mechanical parts... etc. 
   
   Many suggestions have been presented in this study to improve the situation and hence the 
efficiency of the cooling towers which hopefully is expected to increase the power output from 
the station. 
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واﻟﻌﻮاﻣﻞ  (ﻣﺤﻤﻮد ﺷﺮﻳﻒ. ﻣﺤﻄﺔ د)اﻟﺤﺮارﻳﺔ  أداء أﺑﺮاج اﻟﺘﺒﺮﻳﺪ ﻓﻲ ﻣﺤﻄﺔ ﺑﺤﺮي اﻟﺒﺤﺚ ﻟﺪراﺳﺔﻳﻬﺪف هﺬا 
  .اﻷداء هﺬا ﻓﻲاﻟﻤﺆﺛﺮة 
ﻣﺜﻞ درﺟﺎت اﻟﺤﺮارة وﻣﻌﺪل اﻻﻧﺴﻴﺎب ﻟﻠﻤﺎء واﻟﻬﻮاء ﺗﻢ ﻓﻲ هﺬا اﻟﺒﺤﺚ اﺧﺬ ﻗﺮاءات ﻟﻠﻌﻮاﻣﻞ اﻟﻤﺆﺛﺮة ﻓﻲ اﻷداء 
 ﺗﻢ ﻗﻴﺎﺳﻬﺎ اﻟﺘﻲﺛﻢ ﺑﻌﺪ ذﻟﻚ ﺗﻢ ﺗﻘﻴﻴﻢ هﺬﻩ اﻟﻌﻮاﻣﻞ .  اﻟﺘﺒﺮﻳﺪ ﺧﻼل ﻓﺘﺮة ﻣﺤﺪدةﻣﻦ أﺑﺮاجﻋﻨﺪ اﻟﺪﺧﻮل واﻟﺨﺮوج 
  .وﻣﻘﺎرﻧﺘﻬﺎ ﻣﻊ ﻗﺮاءات اﻟﺼﺎﻧﻊ اﻟﺘﺼﻤﻴﻤﻴﺔ
 ﺑﺪاﻳﺔ ﻓﻲ ﺣﺎﻟﺘﻬﺎ اﻟﺮاهﻨﺔ ﻋﻤﺎ آﺎﻧﺖ ﻋﻠﻴﻪ ﻓﻲ ﻣﺘﺪﻧﻴﺔ أرﻗﺎمﺳﺠﻠﺖ  اﻟﺘﺒﺮﻳﺪ أﺑﺮاج آﻔﺎءة أن اﻟﻨﺘﺎﺋﺞ أوﺿﺤﺖ
 اﻟﺼﻴﺎﻧﺔ واﻟﻨﻈﺎﻓﺔ ﻓﻲ ﻣﻦ ﺑﻴﻨﻬﺎ ﻋﺪم اﻻﻧﺘﻈﺎم ﺎبأﺳﺒ ﻋﺪة إﻟﻰ اﻧﺨﻔﺎض اﻟﻜﻔﺎءة ﻓﻲوﻳﻌﺰى اﻟﺴﺒﺐ  ﺗﺮآﻴﺒﻬﺎ
  اﻟﺦ....... اﻟﺒﺮجأﺟﺰاء ﻟﺒﻌﺾ اﻟﻤﻴﻜﺎﻧﻴﻜﻲاﻟﻔﺸﻞ ،  اﻟﺠﻮﻓﻲاﻟﻐﺒﺎر اﻟﻌﺎﻟﻖ ، اﻟﺘﺮﺳﺒﺎت اﻟﻤﻠﺤﻴﺔ، اﻟﺪورﻳﺔ
  ﻋﻨﺪ ﺗﻄﺒﻴﻘﻬﺎ ﻣﻤﺎ ﻳﺘﻮﻗﻊاﻷﺑﺮاج ﺗﺤﺴﻴﻦ آﻔﺎءة ﻓﻲ ﺗﻔﻴﺪ أن ﻧﻬﺎﻳﺔ اﻟﺪراﺳﺔ ﺗﻤﺖ اﻟﺘﻮﺻﻴﺔ ﺑﻌﺪة اﻗﺘﺮاﺣﺎت ﻳﺮﺟﻰ ﻓﻲ
  . اﻟﻤﺤﻄﺔﻓﻲ ﺔاﻟﻤﻨﺘﺠ ﺑﺰﻳﺎدة اﻟﻘﺪرة  ﻳﻌﻮد ﺑﺎﻟﻔﺎﺋﺪةأن
  .
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 Abbreviations 
qw = rate of mass transfer, bulk water to interface, Btu/h ft2 
KL = unit conductance, heat transfer bulk water to interface, Btu/h ft2 ºF 
a = area of water surface, ft2/ft3 of volume 
v = active tower volume, ft3/ft2 of plan area 
t = bulk water temperature, t1 hot water in, t2 cold water out, ºF 
T”= dry-bulb temperature of air at interface, ºF 
L = mass water rate 
qs = rate of sensible heat transfer, interface to air stream, Btu/h ft2 
k' = unit conductance, sensible heat transfer between interface and main air stream, Btu/h ft2 F 
T = dry-bulb temperature of air stream, ºF 
qm = rate of mass transfer, interface to air stream, lb/h ft2 
K’= unit conductance, mass transfer, interface to main air stream, lb/h/ft2 lb/lb 
w = humidity ratio of main air mass, w1 entering, w2 leaving 
w”= humidity ratio saturated at interface temperature 
m = mass transfer rate, interface to air stream, lb/h 
qL = rate of latent heat transfer, interface to air stream, Btu/h 
h = enthalpy of moist air, h1 entering, h2 leaving, Btu/lb dry air 
∆TwB = wet-bulb approach, ºc 
Tcw = Cooling water temperature, ºc 
TwB = Wet-bulb temperature, ºc 
∆we= evaporation loss 
∆wd= drift loss 
xii 
 
∆wb= blow down loss 
RH (%) = relative humidity 
Tdb (ºC) = dry-bulb temperature 
Twb (ºC) = wet-bulb temperature 
CW I/L (ºC) = cooling water inlet 
CW O/L (ºC) = cooling water outlet 
∆TwB (ºC) = wet-bulb approach  
∆TCR (ºC) = cooling range 
ζ (%) = thermal efficiency of the cooling tower 
DBT = Cooling Tower inlet Dry Bulb 
WF = Circulating water flow to cooling tower 
HWT = Hot water inlet temperature 
CWT = Cold water outlet temperature 
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CHAPTER ONE 
Introduction 
 
1.1. The history of Electricity in Sudan: 
In 1908, Electricity was first introduced in Sudan when a small 100 kW diesel 
station was installed. In 1925, an entity known as the Sudan Light and Water 
Company (SLWC) was established to administer and operate the electricity and 
water services. 
As a result of a contract between the Sudan Government and a group of British 
industries for the development of electricity and water services, the generation 
capacity was increased to 3000 KW. In 1952, the Sudan Light was transformed 
into a public company after the acquisition by the Sudan Government of all the 
shares of the two British companies who established the Sudan Light Company. In 
1956, four steam turbines were installed at Burri with a total capacity of 30 MW. 
In 1960, the company started to operate its business on commercial basis in the 
name of Central Electricity and Water Administration (CEWA) under the Ministry 
of Electricity and Water Administration Works. In 1962, the first hydro power 
plant station capacity of 15 MW was operated in Sinnar, then two hydro power 
plant stations were built in Elgirba (12 MW) & El Rosieres (280 MW) .In 1964, 
all the administrative posts were nationalized. In 1966, the name was changed to 
Central Electricity and Water Corporation and it was administered by a Board of 
Directors under the Ministry of Works. 
In 1982, the government issued a decree which made the National Electricity 
Corporation (NEC) as a statutory corporation under the Ministry of Energy and 
Mining (ME&M) to be responsible for electricity generation, transmission and 
distribution in the Sudan. Water Corporation was separated from Electricity 
Corporation, so that each should develop separately and render service 
independently. In 1995, the total installed capacity was increased in the National 
Grid to about 307.6 MW hydro generations & 330.8 MW thermal generations. In 
CHAPTER ONE 
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addition to this, there are many thermal power stations for the isolated areas with a 
total capacity of 105.7 MW. 
In Oct. 2006 the national grid became as follows: 
• 332.6 MW hydro power stations 
• 156 MW steam power stations 
• 32.3 MW diesel power stations 
• 62 MW gas turbine power stations 
• 256 MW combined power stations 
Steam power stations (Khartoum North Power Station) contributed by 18.6% of 
the total grid. 
 
1.2. Cooling Towers 
The amount of heat rejected from the plant condensers is significant. Waste heat 
will eventually find its way to the earth’s atmosphere. There are two basic paths 
that heat can follow. In once-through cooling, which most power plants have used 
in the past, heat is first removed from condensers and transferred to water bodies 
such as oceans, rivers, and natural lakes. The added heat is then transferred to the 
atmosphere by evaporation, convection, or radiation. The body of water may be 
seriously affected in this waste-heat transfer process. This may, therefore, be a 
matter of concern. In recent years, the federal and local governments have 
established very stringent regulations controlling the use of bodies of water for 
this purpose. 
In contrast to once-through cooling, cooling towers are being used to transfer the 
waste heat directly to the earth’s atmosphere. In this approach heat removed from 
condensers is carried by water to the cooling tower from which the heat is rejected 
to the atmosphere. Because of this direct path to the atmosphere, there is no 
adverse effect on water bodies. Cooling towers have been used for generating 
stations for many years in locations for which once-through cooling have not been 
available.  
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CHAPTER TWO 
OBJECTIVES & 
LITERATURE REVIEW 
 
2.1. Objectives of the Study: 
Most industrial production processes need cooling towers to operate efficiently 
and safely. Industrial cooling towers are used to reject heat from various sources 
such as machinery or heated process material. The primary use of large, industrial 
cooling towers is to remove the heat absorbed in the circulating cooling water 
systems used in power plants, petroleum refineries, petrochemical plants, natural 
gas processing plants, semi-conductors plants, and other industrial facilities. 
There are many factors which affect the efficiency of the power plant. The most 
important one is the efficiency of the cooling process which is dependent mainly 
on the efficiency of the cooling tower. 
The objective of this research is to study the performance of the cooling tower and 
the factors which affect its performance, taking Khartoum North Power Station as 
a case study. 
 
2.2. Literature Review: 
Most of the studies on Dr. Shareef Power Station concern with condenser and its 
problems. Those studies such as: 
I. M. A. Molan, Cooling System & Condenser Problems In Dr. Shareef 
Power Station, 2005, University of Khartoum, (M. Sc. thesis). The study 
showed problems facing the condenser and the cooling tower and 
provided several solutions to avoid those problems. 
II. Badawy, Performance testing of Unit Four Condenser in Dr.Shareef Power 
Station,2002, University of Khartoum, (M. Sc. thesis). The study 
discussed and calculated the performance of the unit four condenser and 
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recommended development of the computer program for monitoring 
condenser performance. 
 
2.3. Thesis Outlines: 
- In Chapter three background information on the cooling towers, their 
types, and their components is presented. 
- Chapter four describes Dr. Shareef Power Station especially the cooling 
towers of the plant. 
- In chapter five theoretical analyses of cooling towers using Merkel 
equation and cooling tower performance criteria are given. 
- Results and analysis including cooling tower losses are presented in 
chapter six. 
- Conclusion and recommendations are outlined in Chapter seven.  
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CHAPTER THREE 
COOLING TOWERS 
TYPES & COMPONENTS 
 
3.1. Historical Background: 
The  cooling  tower  is  of  recent  but  obscure  origin,  first  appearing in  
technical  literature  during  the  last  few  years  of  the  19th  century.  The  first  
mention  of  the  cooling  tower  refer  to it  as  a  new invention  but  offer  no  
explanation  of  when,  where  or how  they  originated.   Thus  the  cooling  
tower  suddenly  appeared  as  an  accomplished  fact  in  forms  that  do  not  
differ  greatly  from  the  modern  practice,  the  explanation  is  probably  that  
the  cooling  tower  was  not  something  new  but  the  result  of  applying  
former  practices  on  a  large  scale  to  satisfy  a  suddenly  emerging  need [1]. 
 
The  invention  of  the  steam  engine  marked  the  beginning  of  the Industrial  
Revolution,  and  is  characterized  by  the  utilization  of  energy  in  the  form  
of  heat  to  perform  mechanical  work.  Prior  to  the invention  of  the  steam  
engine,  energy  was  not  being  used  to  generate  power,  there  was  no  waste  
heat  and no  need  for  a  cooling  tower. 
 
The  development  of  an  efficient  cooling  surface  has  been  gradual,  
beginning  with  the  employment of  no  surface  at  all,  viz,  a  series  of  fire  
sprays  directed into  a  settling  pond  of  large  area. 
 
Historically,  the  first  pack  designs  were  random  timber,  to  be  followed  
rapidly  by  ordered  timber  splash  bars.  The  concept  of  filming  water  as  
opposed  to  splash  or  concrete  originated  in  England in  the  1930s.  The  
introduction  of  plastic  packing  dates  from the  1950s,  but  this  was  
confined  to  mechanical  draught  towers  until  the  1970s,  when  the  
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experiments  started  with  plastic  packs  in  natural  draught  cooling  towers.  
Asbestos  cement  in  flat  sheets,  corrugated  sheets  and  flat  bars,  although  
widely  used  in  the  past,  are  now  out  of  favor  on  health  grounds  in  most  
developed  countries.  Plastic  impregnated  paper  is used  in  certain  Eastern  
Countries in  air  conditioning  towers,  but  has  been unsuccessful  in  the  
West.  In  most  cases  the  changes  have  been  due  to  economics,  but  water  
quality  and  type of process  can  significantly  affect  the  selection  in  
individual  cases. 
 
3.2. Types of Cooling Towers: 
Cooling  towers  are  designed  and  manufactured  in  several  types  with  respect  
to  several  methods. 
 
3.2.1. With respect to their usage: 
3.2.1.1. HVAC (air conditioning) cooling tower:  
This is a subcategory rejecting heat from a chiller. Large office buildings, 
hospitals, schools are typically use one or more cooling towers as part of their 
air conditioning systems. 
3.2.1.2. Industrial cooling towers: 
This can be used to reject heat from various sources such as machinery or heated 
process material. The primary use of large, industrial cooling towers is to 
remove the heat absorbed in the circulating cooling water systems used in power 
plants, petroleum refineries, petrochemical plants, natural gas processing plants, 
food processing plants, semi-conductor plants, and other industrial facilities[2]. 
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3.2.2. With respect to the method of heat transfer: 
3.2.2.1. Wet / Evaporative Cooling Towers 
They  derive  their  primary  cooling  effect  from the  evaporation  that  takes  
place  when  air  and  water  are  brought  into direct  contact.  The  warm  water  
can  be  cooled  to  a  temperature  lower  than  the  ambient,  air  dry – bulb  
temperature,  if,  the  air  is  relatively  dry. Figure (3.1) shows one of the wet 
cooling towers.  
 
 
Fig (3.1) wet cooling tower/ mechanical draft counter flow 
 
3.2.2.2. Dry / non –evaporative cooling towers: 
They  operate  by  heat  transmission  through  a  surface  that  divides  the 
working  fluid  from  ambient  air.  They  thus  rely  mainly  on  convection  heat  
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transfer  to  reject  heat  from  the  working  fluid,  rather than  evaporation.  
Hence sensible heat transfer cools the water totally. Figure (3.2) shows one of 
the dry cooling towers.  
 
 
Fig (3.2) Dry Cooling Tower 
 
3.2.2.3. Wet-dry cooling towers 
Operate by a combination of wet and dry cooling. They have two air paths in 
parallel and two water paths in series. Figure (3.3) below shows a mechanical – 
(induced-) draft wet-dry cooling tower. 
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Fig (3.3) Wet-dry cooling tower 
3.2.3.With  respect  to  drawing  air  through  the  tower  
there  are  three  types  of  cooling  towers: 
3.2.3.1. Natural draft, hyperbolic or atmospheric cooling tower: 
which  is  designed  to  take  the  advantage  of  the  temperature  differences  
between  the  ambient  air  and  the  hotter  air  inside  the  tower.  The  design  
create  a  chimney  effect  that  causes  the  cold  air  at  the  bottom  of  the  
tower  to push  the  warmer  air  out  at  the  top.  It  utilizes  no  mechanical  fan  
to  create  air  flow  through  the  tower.  The  tower  shell  is  usually  
constructed  in  reinforced  concrete   and its  height  can  reach  200m.  This  
type  of  towers  used  for  large  scale  electric  utility  condenser  cooling  due  
to  the high  cost  of  the large  concrete  and it  is  specialized  by  low  
maintenance  cost  and  it's  easy in operation  but  it   needs relatively more  
areas  and  it  must  be  built in open  space  and  the  air  velocity  in  it  is  
relatively much  low. Figure (3.4) below shows a natural draft cooling tower. 
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Fig (3.4) Natural draft cooling tower 
 
3.2.3.2. Mechanical draft cooling towers   
These use  power  driven  fan  motors  to  move  large  quantities  of  air  through  
the  tower.  There  are  two  different  classes  with  respect  to  the  fan  
location: 
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A:  Induced draft cooling towers. 
B:  Forced draft cooling towers. 
The  airflow  in  either  class  may  be  cross  flow  or  counter  flow  with  respect  
to  the  falling  water.  Cross  flow  indicates  that  the  air  flow  is  horizontal  in  
the  filled  portion of  the  tower  while  counter  flow  means  that  the  air  flow 
is  in the  opposite  direction  of  the  falling  water.[3] 
 
All  mechanical  towers must  be  located  so  that  the  discharge  air  diffuses  
freely  without  recirculation  through  the  tower,  and  so  that  air  intakes  are  
not  restricted. 
A*:  Induced draft cooling towers:   
A  mechanical  draft  tower  with  a  fan  at  the  discharge  which  pulls  air  
through  tower is shown in  figure (3.5).  The fan induces hot moist air out of the 
discharge. This  produces  low  entering  and  high  exiting  air  velocities,  
reducing  the  possibility  of  recirculation  in  which  discharged  air  flows  
back  into  the  air  intake.  This fan / fill arrangement is also known as draw-
through. [2] 
 
Fig (3.5) Induced draft cooling tower 
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B*:  Forced draft cooling tower:  
 A  mechanical  draft  tower  has a  blower  type  fan  at  the  intake figure (3.6).  
The  fan  forces  air into  the  tower,  creating  high  entering  and  low  exiting  
air  velocities.  The low exiting velocity is much more susceptible to 
recirculation.  With  the  fan  on  the  air  intake,  the  fan  is more  susceptible  
to  complication  due  to  freezing  conditions.  Another  disadvantage  is  that  a  
forced  draft  design  typically  requires  more  motor power  than  an  equivalent  
induced  draft  design.  The  forced  draft  benefit is  its  ability  to  work  with 
high  static  pressure.  They  can  be  installed in  more  confined  space  and  
even  in  some indoor  situations.  The fan / fill geometry is also known as blow 
– through. [2] 
 
 
Fig (3.6) Forced draft cooling tower 
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3.2.3.3. Hybrid draft cooling towers  
Which  appear  like  a  natural  draft  though  air  flow assisted  by  fans figure 
(3.7).  They are also referred to as fan – assisted natural draft tower.  The  intent  
of  their  design  is  to  minimize  the  horse  power  required  for  the  air  
movement,  but they do  this  with  the  least  possible  stack  cost  impact.[2] 
 
 Fig (3.7) Hybrid draft cooling tower 
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3.2.4. With respect to air to water flow categorization   
 The following towers are divided in several groups with respect to the relative 
flow 
3.2.4.1. Counter flow: 
In  counter  flow  design  the  air  flow  is  directly  opposite to the  water  flow as 
shown in figure (3.8) below .   Air  flow  first  enters  an  open  area  beneath  
the  fill  media  and  is  then  drawn  up  vertically.  The  water  is  sprayed  
through  pressurized  nozzles  and  flows  downward  through  the  fill,  opposite  
to  air flow.   Because  of  need  for  extended  intake  and  discharge  plenums;  
the  use  of high  pressure  spray  systems;  and  the  typically  higher  air  
pressure  losses,  some  of  the  smaller  counter  flow  towers  are  physically 
higher;  require  more pumping  head;  and  utilize  more  fan  power  than  their  
cross  flow  counter  parts.  In  a  larger  counter  flow  towers,  however,  the  
use  of  low  pressure  gravity – related  distribution  systems,  plus  the  
availability  of  generous  intake  areas  and  plenum  spaces  for  the  air  
management,  is  tending  to  equalize,  or  even  reverse  this  situation.  The  
enclosed  nature  of  a  counter  flow  tower  also  restricts  exposure  of  the  
water  to  direct  sunlight,  thereby  retarding  the  growth  of algae.[2] 
 
                 Fig (3.8) Counter flow cooling tower 
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3.2.4.2. Cross flow: 
Cross  flow  is  a  design  in  which  the  air  flow  is  directed  perpendicular  to  
the  water  flow.  Air  flow  enters  one  or  more  vertical  faces  of  the  cooling  
tower  to meet  the  fill material.  Water  flows  (perpendicular  to  the  air)  
through  the  fill  by  gravity.  The  air  continues  through  the fill  and  thus  
past  the  water  flow into  an open  plenum  area.  A  distribution  or  hot  water  
basin  consisting  of  a  deep  pan  with holes  or  nozzles  in  the  bottom  is  
utilized in  a  cross  flow  tower.  Gravity  distributes  the  water from the  
nozzles  uniformly down  across  the  fill  material.[2] 
The cross flow can be divided into: 
 
A- Double-Flow: 
In  this  kind  of  towers  the  fan  is  inducting  air  through  two inlets  and  across  
two  banks  of  fill as in figure (3.9) below. 
 
Fig (3.9) Cross flow/ double flow cooling tower 
B- Single-Flow: 
This  kind  of  towers has only  one  air inlet  and  one  fill  bank,  the  remaining  
three  sides  of  the  towers  being  cased.  Single-flow  towers  are  customarily  
used in  locations  where unrestricted  air  path  to  the  tower  is  available  from 
only  one  direction. Figure (3.10) shows this type of towers. [3] 
  16
 
 
Fig (3.10) Cross flow/ single flow cooling tower 
 
3.2.5. With respect to the shape: 
2.2.5.1. Rectilinear 
These  towers  are  constructed  in  cellular  fashion, as in figure (3.11) below  
increasing  linearly  to  the  length  and  numbers  of  cells  necessary  to  
accomplish  a  special  thermal  performance.[3] 
 
Fig (3.11) rectilinear cooling tower 
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3.2.5.2. Round Mechanical Draft: 
These  are  essentially  round  in  plan  configuration,  with  fans  clustered  as 
practically close around  the  center  point  of  the  tower, figure (3.12) below.  
Multi-faceted  towers,  such  as  the  octagonal  mechanical  draft  (OMD)  also  
fall  in  the  general  classification  of  round  towers.[3] 
 
 
Fig (3.12) Round mechanical draft tower 
 
3.2.6. With respect to construction  
There are two different kinds of cooling towers by construction. 
3.2.6.1. Field-Erected: 
The  field  erected  cooling  towers  are  those  on  which  the  primary  
construction  activity  takes  place  at  the  site  of ultimate use.  All  large  
towers,  and many  of  the  smaller  towers,  are  prefabricated,  piece-marked  
and  shipped  to  the  site  for  the  cooling  towers  manufacturer  usually  
provides  final  assembly. 
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3.2.6.2. Factory-Assembled: 
The  factory-assembled  cooling  towers  undergo virtually  complete  assembly  at  
their  point  of  manufacture where  upon  they  are  shipped  to  the  site in a  few  
sections  as  much as transportation  will  permit. 
  
Khartoum North Power Station cooling towers are wet, induced draft, double-flow 
cooling towers. The main difference between phase one and two is that phase one 
cooling towers are cross flow type while phase two cooling towers are counter 
flow type. 
  
3.3. Cooling Tower Components: 
 
3.3.1. The air moving equipment  
 The air moving equipment in  a  mechanical  draft  cooling  tower  includes  the  
fan,   electric  motor  and  the associated  belts  or  gears. 
 
3.3.2. The distribution system  
  The distribution system dispenses hot condenser water evenly over the fill.  
There are several types, among them are: 
 
a-Gravity  distribution  system ,figure (3.13-a) below, which  is used mainly  on  
cross  flow  towers. It consists  of  vertical hot  water  risers  that  feed  into  an 
open  concrete  basin  from  which  the  water  flows  by  gravity  through  
orifices  to  the  fill  below.[4] 
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Fig (3.13-a) Gravity distribution system 
 
b-Spray  distribution  system ,Figure (3.13-b) below, which  is  used  mainly  on  
counter  flow  towers,  has  cross  piping  with  spray  downward  nozzles.[4] 
 
Fig (3.13-b) Spray distribution system 
 
c-Rotary  distribution  system ,figure (3.13-c) below, which  consists  of  slotted  
distribution  arms  that  rotate  about  a  central  hub  through  which  water  
comes in  under  pressure.  The  slots  are  aimed  downward  but  slightly  to  
one  side,  resulting  in  a  curtain  of  water  at  an  angle  and  a  reaction  force  
that  rotates  the  arms  at  25-30 rpm,  the  speed  of  rotation  can  be  varied  by  
adjusting  the  slot  angle.(4) 
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Fig (3.13-c) Rotary distribution system 
3.3.3. The fill: 
The  fill  or  packing,  is  the  heart  of  the  cooling  tower.  It  should  provide  
both  good  water-air  contact  for high  rates  of  heat  and  mass  transfer  and  
low  resistance  to  air  flow.  It should also be strong, light and deterioration 
resistant.  There are basically two types of fill: 
 
(1) Splash  Packing  which  is  made  of  bars  stacked  in  decks  that  break  the  
water  into  drops  as  it  falls  from  deck  to  deck.  The  bars  come  in  
different  shapes:  narrow,  square, grid  smooth  or  rough, These are  made  of  
different  materials;  redwood,  high-impact  polystyrene  or  polyethylene.  
Splash  fill  provide  excellent  heat  and  mass  transfer  between  water  and  
air, figures (3.14) below show different types of splash packing. [4] 
 
Fig (3.14-a) 
NARROW-EDGE bars for cross flow tower offer minimum resistance to air flow. 
Closely-placed decks reduce tower height 
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Fig (3.14-b) 
SQUARE BARS double –staggered in diamond pattern, present maximum wetted 
surface to air, streamline air flow upward  
 
Fig (3.14-c) 
ROUGH BARS are made into decks turned through 90º angle to upper and lower 
decks. Their large surface breaks up water 
 
 
Fig (3.14-d) 
GRIDS of high–impact plastic are injection–molded, then formed into decks of 
splash packing or stacked to make film packing 
  
(2) Film  Fill  which  is  usually  made  of  vertical  sheets  that  have  a  rough  
adsorbent  surface  that  wets  well  and  allows  the  water  to  fall  as  film  that  
adheres  to  the  vertical  surfaces.  This  exposes  the maximum  water  surface  
to the  air  without  breaking  it  into  drops .  Film  fill  also  comes  in  different  
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shapes  and  materials,  redwood  pattern,  cellulose  corrugated  sheets,  
asbestos – cement  sheets  and  wave  form. Figures (3.15) below shows 
different types of film fill. [4] 
 
 
Fig (3.15-a) 
REDWOOD PATTERN in layers at right angles present narrow edge to up-
coming air exposes wide film-covered side surfaces 
 
 
Fig (3.15-b) 
CELLULOSE SHEET is plastic–fortified, looks like corrugated cardboard with 
saw tooth tips at bottom for uniform wetting  
 
 
Fig (3.15-c) 
ASBSTOS-CEMENT sheets 5-mm thick present rough absorbent surface. They're 
stacked with 19-mm horizontal spacing 
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Fig (3.15-d) 
WAVEFORM metal or plastic sheets maintain a relatively thick layer of water in 
each hollow space so any solids can drain off 
 
3.3.4. Drift Eliminators: 
Drift is  water  entrained  by  and  carried  with  the  air  as  unevaporative  drizzle  
or  fine  droplets.  This  water is  thus  lost  to  the  circulating-water  system  
and  does  not  contribute  to heat  removal  by  evaporation.  Drift  is  
minimized  by  drift  eliminators  which  are  baffles  that  comes in one,  two or  
three  rows ,figure (3.16).  The  baffles  force  the  air  to  make  a  sudden  
change in  direction.  The  momentum  of  the  heavier  drops  separates  them  
from the  air  and  impinges  them  against  the  baffles,  thus  forming  a  thin  
film  of  liquid  that  falls  back  into  the  tower.  
The  baffles  are  made  of  wood,  metal  or  plastic  100  percent  drift  
elimination  is not  possible,  but  a  well  designed  system  results  in  water  
loss  less  than  0.2  percent  of  the  circulating  water.  This should of course be 
compensated for by the make up system.  The  drift  eliminators  are  situated  at  
air  exit  from  the  fill,  above  it (in  counter  flow  towers),  and  to  the  side  
(in  cross  flow  towers).[4]    
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Fig (3.16) Drift Eliminators 
 
3.3.5. The Basin: 
The  cold  water  basin,  situated  beneath  the  tower,  collects  and  strains  the  
water  before  it  is  pumped  back  to the  condenser.  It also receives the 
circulating water make up.  It is provided with  makeup  inlet  and  outlet,  quick  
fill,  overflow,  drain  and  bleed  off  connections.  Large utility tower basins are 
usually made of concrete.  They  are  sized  to  permit  tower  operation  for  
several  hours  without  making up water level.  The  drain  is used  to  remove  
slit  deposits  and  control  water  level in  case  of  flow  surge.  Water  leaves  
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the  basin  via  a  sloped  canal  at  the  bottom  and  through  screens  that  
prevent  debris  from  entering  the pumps.[4] 
 
3.3.6. Louvers  
They are positioned to direct the air entering the cooling tower. 
 
3.3.7. The structural members  
 These structural members support all the tower live and dead loads.  They consist 
of columns, horizontal ties, diagonals, joists and beams. 
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CHAPTER FOUR 
Description of Khartoum North 
Power Station 
(Dr.  Shareef Power Station) 
 
4-1: Introduction  
Khartoum  North  Power  Station  is  located  east  of  the  Khartoum  North  
Industrial  area.  The main reasons for this location are the following: 
- Close  to  power  consuming  area 
- Access able  to  roads  and  railways 
- Close  to  the  distribution  and  transmission  stations 
- Next  to  a  water  source  (Blue  Nile  River) 
 
The  station  was  built  to  compensate  the  shortage  of  hydro- generation  
during  flood  and  summer  seasons, and also  to;  enhance  the  National  Grid  
generated  power, and  improve  the  efficiency  of  the  operation  of  the National  
Grid so as to face  the growing power demand due to extension  in  agricultural,  
industrial  and  residential  sectors. 
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4-2:  Station Sections and areas: 
-  Boiler area and turbine hall. 
-  Control room 
-  Administration building 
-  Chemical lab 
-  Workshop and stores 
-  Fuel unloading and storage tanks 
-  Demineralization station 
-  Cooling tower and its auxiliaries 
-  Staff lodgings 
-  River station 
 
Figure (4.1) below shows schematic diagram for Khartoum North Power Station 
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Fig (4.1) Schematic Diagram of the Dr.Shareef Power Station [5] 
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4-3:  Station Phases:  
4-3-1:  Phase (I) 
 
This phase is comprised of 2 x 30 MW units.  Building started in 1981 as a gift 
from British Government.  The  consultant  was  the  EW Bank Presece 
Consulting Group and  the  main  contractor  was  the  NEI(Northern Engineering 
Industries). 
The formal starting was in Dec. 1985 honored by Princess Anne. [6] 
 
4-3-2:  Phase (II) 
 
This phase is comprised of 2 x 60 MW units.  Work  started  in  1988  as  a  loan  
from  the  World  Bank,  African  Development  Bank,  Japanese  and  French  
Governments.   The consultant was EW Bank Presece Consulting Group. [6] 
 
4-3-3:  Phase (III) 
 
This phase is comprised of 2 x 100 MW which is still in still under construction, 
and shall start in the near future. [6] 
 
 
 
 
 
 
  30
4-4:  Station Cooling Water Systems: 
Cooling water system is comprised of two parts, main and auxiliary 
systems.  The  main  cooling  water  system  consist  of  four  circuits,  one  for  
each  turbo generator  unit.  Each two circuits may run together or independently.    
Each  main  cooling  water  circuit  serves  the  turbo generator  condenser  (the  
major  heat  load),  the  generator  air  cooler,  the  lube  oil  cooler,  and  auxiliary   
water  cooler  on  each  generator unit. 
 
The  auxiliary  cooling  water  system is  a  closed  circuit  which  serves  a  
number  of  smaller  cooling  duties  on  each  boiler / turbo generator  unit;  and  
is  cooled  by  the  main  cooling  water  circuit.[7] 
 
4-5:  Phase (I) Cooling Tower  
 
4-5-1:  The  major  components  of  Phase(I)  main  
cooling  water  circuits are as follows:  
 
4-5-1-1:  Cooling Towers 
 
Two  3-celled,  induced  draft,  cross  flow  cooling  towers  of  reinforced  
concrete  construction  with  plastic  infill,  are employed to  remove  heat  from  
the  cooling  water  by  evaporation. 
Each  tower  will normally  remove  the  waste  heat  load  from the  turbo 
generator  unit.  Approximately 97% of this load is from the turbine condenser.  
Each cooling tower consists of 3 induced draft, cross flow cells. To allow 
the unavailability of one cell, the rated duty of the cooling towers is for the 
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remaining 5 cells to produce a cooling water supply at 27ºC whilst removing the 
waste heat from 2x30 Mw generators (both TG Units running). For this situation 
the two cooling water circuits operate in parallel with all crossover valves open 
and the total return cooling water flow is evenly distributed over the 5 operating 
cells.   
The  ambient  air  condition  corresponding  to  the above design  duty  is  
a  wet  bulb  temperature  of  20º C,  a  relative  humidity  of  approximately  14%  
with  a  dry  bulb  temperature  of  40º C.  It  should  be  noted  that  the  wet  bulb  
temperature  is  the  prevailing  atmospheric  condition  at  the  time.  The  wet  
bulb  temperature  and  the  waste  heat  load  will  determine  the  cooling  water  
supply  temperature. [7] 
The  cooling  water  supply  temperature  may  be  increased  by  stopping  
one  or more  cooling  tower  cell  fans  and / or  stopping  the  cooling  water  
flow  to  one or  more  tower  cells.  However  the  power  saving  in  stopping  
cooling  tower  fans  is  offset  by  reduction  in  the  generated  power.  This  is  
because  the  warmer  cooling  tower  results  in  a  higher  condenser  pressure,  
which  reduces  the  turbine  efficiency and hence power output (the power output 
will decrease from  “P+∆P” to “P” ,as shown below). 
 
Fig (4.2) T-S diagram 
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Figures (4.3) & (4.4) below show the cooling Tower of Khartoum North 
Power Station 
 
Fig (4.3) General view 
 
Fig (4.4) General view 
4-5-1-2:  Cooling Tower Basins: 
Cooling  tower  basins  are  of  reinforced  concrete  construction  which  provide  
a  reservoir  of  water  to: 
- ensure  the  cooling  water  circuit  operation  for  a  period  without  make-
up  water  being lost  by  evaporation 
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- Provide a reservoir for use in the event of fire. 
- provide  suction  head  for  pumps  drawing  from  the  basins[7] 
 
4-5-1-3:  Cooling Water Pumps: 
Two  single  stage  horizontal  centrifugal  pumps  for  each  tower,  designed  to  
operate  with   one  running  while  the  other acts as  standby.  These  circulate  
cooling  water  from  the  cooling  tower  basins  to  the  users  and  back  to  the  
top  of  the  cooling  tower  via  risers. [7] 
 
4-5-1-4:  Cooling Water Pipe work and Valves:  
Most  of  the  cooling  water  pipe work  is  spigot  and  socket  jointed  
glass  reinforced  plastic  (GRP)  pipe.  It  connects  the  cooling  tower  basin  to  
the  cooling  tower  pumps;  runs  underground  from  the  pump  discharges  to  
the  turbo generator  area;  and  back,  mostly under the ground of  the  cooling  
tower.  Above ground pipe is of epoxy lined carbon steel. [7] 
Valves in the pipe work consist of two types: 
- butterfly  valves  of  cast  steel  construction  which  may  be  manual  
(isolation  valves),  or  motor  operated  (control  valves  and  some 
isolation  valves) 
- non-return  valves  of  dual  flap  type  fitted  in  the  discharge  of  the  
cooling  water  pumps. 
 
4-5-1-5:  Purge and Chemical Dosing System: 
This  comprises  measurements  on,  and  control  of,  each  cooling  water  
circuit.  The  quantity  of  make-up  water  fed  to  the  cooling  tower  basin  
(normally  under  level  control);  and  the  chemical  condition  of  the  cooling  
water  (pH,  Conductivity  and  Residual  Chlorine)  are  measured. 
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The  measurements  are  used  to  control  3  dosing  systems  each  
chemical  dosing  system  consists  of  a  mixing  tank  and  metering  pumps.  The  
metering  pumps  for  two  chemicals  (sulphuric  acid  and  corrosion  inhibiter)  
are  automatically  controlled  to  dose  appropriate  amounts. 
 
The hypochlorite metering pumps are manually controlled.  The  chemical  
dosing  ensures  that  the  cooling  water is  non-corrosive,  prevents  algae  
growth  in  the  cooling  tower,  and  biofilms in  other  parts  of  the  system. 
 
The  control  system  also  intermittently  opens  a  valve  to  allow  a  
quantity  of  cooling  water  to  be  purged.  This  ensured  that  the  concentration  
of  dissolved  solids,  which  are  not  lost  during  the  evaporation in  the  cooling  
tower,  is  maintained  within  limits. [7] 
 
The  cooling  water  pumps  are  located  in  a  pump house,  adjacent  to  the  
cooling  towers.  This building also contains: 
- Offload  water  pumps  which  are  used  to  supply  water  to  the  
auxiliary  cooling  water  cooler  when  cooling  water  pumps  are  shut 
down. 
- Diesel  and  electric  fire  pumps 
- Fire extinguishing water  jockey  pumps 
 
4-5-2:  Phase (I) Technical Specifications: [7] 
 30Mw 33Mw 
Flow rate of 2 towers 
(m3 / h) 
14620 14620 
No.  Of cells on line 5 6 
  35
C.W.  Outlet 
temperature (ºC) 
27 27 
C.W.  Return 
temperature (ºC) 
33.8 34.3 
Dry Bulb Temperature 
(ºC) 
40 40 
Wet Bulb Temperature 
(ºC) 
20 21.3 
Evaporation loss 1.2% 1.02% 
Drift loss 0.05% 0.05% 
Table (4.1) Phase(1) Technical Specifications  
 
4-6:  Phase (II) Cooling Tower 
4-6-1:  Description of the cooling towers 
 
4-6-1-1:  Water Inlet: 
Water  to  be  cooled  in  the  cooling  tower  installation  unit  3  &  4 is  
led  in through  hot  water  risers  (outside  of  the  cooling  tower  cells  to  the  
level  of  the  water  distribution)  into  two  concrete  channels . 
Shut-off  boards  are  provided  in  the  channels  between  the  cooling  
tower  installations  unit  3 & 4.[8]    
 
4-6-1-2:  Water Distribution: 
  Water  flows  through  the  slide  valves  that  are  arranged  in  the main  
distribution  channels  over  a  water  calming  threshold  into  the  distribution  
basins  that  are  arranged  over  the  entire  drizzled  area  of the  cooling  tower. 
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By  spray  nozzles  that  are  equipped  with  special  designed  splash  
plates  and  which  are  arranged  in  the  basin  bottom,  the  water  is  evenly  
sprayed  over  the  cell  base  area  above  the  cooling  elements.[8] 
 
4-6-1-3:  Water Cooling: 
The  water  drizzling  down  at  the  cooling  elements  gives  heat  to  the  
upstreaming  air  by  evaporation  and  convection,  whereas  the  part  discharged  
by  evaporation  is  the  greater  one. 
By  the  induced  draft  fans  the  cooling  air  is  led  through  the  cooling  
tower  in  counter  flow  direction  to  the  water. 
The  cooled  water  drizzles  into  the  basin  arranged  below  the  cooling  
tower,  from  where  it  is  led  to  the  heat  exchangers (condensers)  again.[8] 
4-6-1-4:  Drift Eliminators: 
The  drift  eliminators  are  laid  on  to  the  beams  nearby in vertical  
direction  to  the  spray  grids. They are made of plastic corrugated profile.  
Several  corrugated  profiles  are  mounted  to  packings  by  placing  them  one  
near  the other  and  fixing  them  by  threaded  rods  made of  stainless  steel  and  
spacers  made  of  plastic, figure (4.5) below. 
 
Fig (4.5) KHN power station Drift Eliminators 
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These  packing  are  laid  onto  the  supporting  beams  such,  that  the  
corrugated  profiles  are  in  a  nearly  horizontal  position. 
4-6-1-5:  Mechanical Equipment: 
For  the  drive  of  the  fans  electrical  motors  are  provided.   Each-motor  
is  placed  outside  of  the  fan  stack  onto  a  reinforced  concrete  foundation.  
The  power  transmission  from motor  to  gearbox  is  done  by  a  drive  shaft. 
The drive shaft is supported by an intermediate shaft bearing. 
The  gearbox  with  return-step  is  placed  and  fixed  on  a  base  frame  
that  is  anchored  in  the  concrete  foundation. 
The  fan  is  directly  placed  on  the  output  shaft  of  the  gearbox. 
The  blades  of  the  fan  are  made  of  fiberglass  reinforced  plastic  (FRP).  The  
fan  hub  is  a  steel  structure,  provided  with  a  surface  protection. 
At  stand  still it  is  possible  to  adjust  the  blade  angles  within  the  required  
range.[8] 
4-6-1-6:  Access Devices: 
A  stair  case  is  arranged  at  the  northern  side of  the  cooling  tower  
installation unit 4 and  on  the  southern  side  of  unit  3 . There is  a  cage  ladder,  
that  lead  to  the  cooling  tower  roof. 
On  the  cooling  tower  roof,  hatches  are provided  for  entering  each  
cell  and  from  these  hatches  a  ladder  leads  to  the  maintenance  stage  for  the  
mechanical  equipment.[8] 
Further,  inspection  doors  are  arranged  on  the  northern  and  the  
southern  side on  level.  Each  of  these  doors  is  accessible  by  a  stair  with  
pedestals.  From here, the required inspection and/or cleaning work can be done. 
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4-6-2:  Phase (II) Performance Specifications: [8] 
Type of Cooling Tower Counter flow cells, induced draft 
No of cells 7+1 standby for Unit 3 & Unit 4 
Water flow at design point 2.943 m3/h 
Hot water temperature 37.17 ºC 
Cooled water temperature 28 ºC 
Water bulb temperature 23 ºC 
Air humidity, relative 13 
Cooling range 9.17 K 
Approach 5 K 
Table (4.2) Phase(11) Technical Specifications  
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CHAPTER FIVE 
Cooling Tower Analysis 
 
5.1. Heat and mass transfer Fundamental: 
 Many theories have been developed since the early 1900s describing the 
heat and mass transfer phenomenon which take place in several types of water 
cooling devices.  
 The wet cooling tower may be considered as a heat exchanger in which 
water and air are in direct contact with one another. There is no acceptable method 
for accurately calculating the total contact surface between water and air. 
Therefore a heat transfer coefficient cannot be determined directly from test data 
or by known heat transfer theories. The process is further complicated by mass 
transfer. 
 The development of cooling tower theory seems to begin with Fitzgerald 
[1]. The American Society of Civil Engineers had asked Fitzgerald to write a 
paper on evaporation and what had appeared to be a simple task resulted in a two 
years investigation. The result, probably in keeping with the time, is more of an 
essay than a modern technical paper. Since the study of Fitzgerald, many people 
like Mosscrop, Coffey and Horne, Robinson, and Walker, etc. tried to develop the 
theory. [1] 
 
5.2. Merkel Theory: 
The early investigators of cooling tower theory grappled with the problem 
presented by the dual transfer of mass and energy. The Merkel theory overcomes 
this by combining the two into a single process based on enthalpy potential. 
Frederick Merkel was in the Faculty of the Technical College of Dresden in 
Germany. He died untimely after publishing his cooling tower paper. The theory 
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had attracted little attention outside of Germany until it was discovered in German 
literature by H.B Nottage in 1938. [1] 
Dr.Merkel considered, specifically, a counter-flow tower, but the theory 
does not consider motion and it applies equally to cross-flow and counter-flow 
operation. The theory considers the flow of mass and energy from the bulk water 
to an interface, and then from the interface to the surrounding air mass. The flow 
crosses two boundaries, each offering resistance resulting in gradients in 
temperature, enthalpy, and humidity ratio.[1] 
 
5.3. Theoretical Approach to Cooling Tower 
Analysis: 
 
 
Fig (5.1) Heat and mass transfer relationship between water and air 
Bulk water 
@temp. t
Bulk air @temp. T 
dq=Ldt=KL(adv)(t -T’) 
(Total heat)
D.B. temp. T<T’’<t 
Air enthalpy h<h’’<h’  
Abs. humid w<w’’<w’ 
Sensible 
dq s=kG(adv)(T’’-T)  
Mass 
Dm=k’(adv)(w’’-w) 
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The previous schematic drawing shows the process of mass and energy transfer. 
The bulk water at temperature t is surrounded by the bulk air at dry-bulb 
temperature T. 
  
The rate of heat transfer from the bulk water to the interface is 
 
 
 
Where 
 
qw = rate of heat transfer, bulk water to interface, Btu/h ft2 
KL = unit conductance, heat transfer bulk water to interface, Btu/h ft2 ºF 
a = surface area, ft2/ft3 of volume 
v = active tower volume, ft3/ft2 of plan area 
t = bulk water temperature, t1 hot water in, t2 cold water out,º F 
T”= dry-bulb temperature of air at interface, ºF 
L = mass water rate 
A portion of this heat is transferred as sensible heat from the interface to the air, as  
 
 
Where 
qs = rate of sensible heat transfer, interface to air stream, Btu/h ft2 
k' = unit conductance, sensible heat transfer between interface and main air 
stream, Btu/h ft2 F 
 dqw = KL a dv (t-T”)= L dt                        (5.1)
  dqs= k' a dv (T”-T)                           (5.2)
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T = dry-bulb temperature of air stream, ºF 
The interface is assumed saturated at T” and at the corresponding humidity ratio 
w”.  
Any resistance of mass transfer from water to interface is ignored and the transfer 
of vapor from interface to air is 
 
 
Where 
qm = rate of mass transfer, interface to air stream, lb/h ft2 
K’= unit conductance, mass transfer, interface to main air stream, lb/h/ft2 lb/lb 
w = humidity ratio of main air mass,w1 entering,w2 leaving 
w”= humidity ratio saturated at interface temperature 
 
This mass rate is converted to heat rate by multiplying by r (latent heat of 
evaporation, assumed constant, Btu/lb). 
 
 
Where 
m = mass transfer rate, interface to air stream, lb/h 
qL = rate of latent heat transfer, interface to air stream, Btu/h 
 
Under steady state, the rate of mass leaving the water by evaporation equals the 
rate of humidity increase of the air, so 
 
 
Where 
 dqm= K’ a dv(w”-w)                                  (5.3)
 rdm=  dqL= K’ a dv(w”-w) r                           (5.4) 
 dm= Gdw                                                      (5.5)
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G = dry air flow rate 
When evaporation loss, LE, is taken into account, L lb of water enters the tower 
while (L-LE) lb leaves. The datum temperature for water is 32º F so 
 
 
Where 
h = enthalpy of moist air, h1 entering, h2 leaving, Btu/lb dry air 
 
 
Since 
 
 
Then 
 
 
Expressed as a differential 
 
 
or 
 
 
The last term in this equation represents the heat required to raise the 
liquid water from the 32º F datum point to the cold water temperature. This heat 
of liquid is usually ignored and the equation becomes 
 
G (h2-h1) = L (t1-32) - (L-LE) (t2-32)                (5.6)
G (h2-h1) = L (t1- t2) + LE (t2-32)                      (5.7)
LE = G (w2-w1)                                                 (5.8)
G (h2-h1) = L (t1- t2) + G (w2-w1) (t2-32)            (5.9)
Gdh = Ldt + Gdw (t2 – 32)                               (5.10) 
Gdh = Ldt {1+ (Gdw/Ldt) (t2-32)}                        (5.11) 
  Gdh = Ldt                                                           (5.12) 
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5.4. Wet Cooling Tower Performance: 
The performance of a wet cooling tower depends on four major factors: 
1- The amount of moisture the air can retain. 
2- The amount of heat to be dissipated. 
3- The contact time between water and air. 
4- The cooling water to air weight ratio. 
5.5. Design Wet Bulb Temperature: 
 An important cooling tower design parameter is the design wet bulb 
temperature. Wet bulb temperature is that saturation temperature to which air can 
be adiabatically cooled by evaporation of liquid water at the same temperature. 
Thus, the wet bulb temperature represents the lowest temperature to which the 
circulating water can theoretically be cooled in the tower. [10] 
5.6. Cooling Tower Performance Criteria: 
Since the cooling tower must dissipate the heat removed from the 
condenser unit, the quantity of heat removed per megawatt generated electric 
power depends on the thermal efficiency of that particular plant. 
(1) Cooling towers usually cool the water to within 3 to12oc of the wet-
bulb temperature. We define the wet-bulb approach, ∆TwB, as , 
 
Where: 
  ∆TwB = wet-bulb approach, ºc 
   Tcw = Cooling water temperature leaving the cooling tower, ºc 
   TwB = Wet-bulb temperature of the air, ºc 
 
                 ∆TwB =Tcw - TwB                           (5.13)   
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The wet-bulb approach is one of the terms used by power plant 
engineers to define the performance of a cooling tower. In practice, most 
towers are rated for wet-bulb approach temperature differences between 6ºc 
and 8ºc.[13] 
 
Fig (5.2) Cooling tower flow paths 
 
(2) The second parameter used to defined cooling tower performance is 
the cooling range (∆TCR). The cooling range is defined as the 
temperature difference between the hot water entering (T1) and the 
cold water leaving the cooling tower (T2). ic: 
 
Values of 6 to 10ºc are common for ∆TCR in fossil steam power plants [13], 
figure (5.3) below shows the cooling water temperature variation. 
                      ∆TCR = T1 –T2                             (5.14)
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Fig (5.3) cooling water temperature variation  
within both condenser and cooling system 
(3) The term cooling efficiency, ζ, is used to define the ratio of actual 
cooling to the maximum possible cooling. This can be evaluated as: 
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Fig (5.4) cooling tower losses 
 
Cooling water losses ∆w can be problem in some regions in case of water scarcity. 
The amount of makeup water requirement, as shown in figure (5.4) above, is the 
sum of three components of the losses 
  
   
Where 
             ∆we= evaporation loss 
             ∆wd= drift loss 
             ∆wb= blow down loss 
The drift loss is a function of tower design and local weather parameters. 
The blow down losses depends on the concentration limit for dissolved salts 
in the cooling tower water. This, in turn, depends on the quality of the water 
available for makeup and on the materials and design of the tower. 
 
 
∆w = ∆we +∆wd +∆wb                         (5.16) 
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CHAPTER SIX 
Analysis & Results 
 
6.1. Experimental Set-up: 
- Readings were taken to calculate the performance of the cooling towers of 
Khartoum North power station. These readings were taken before and after the 
annual maintenance to know the effect of the annual maintenance on the 
performance of the cooling towers. 
- Readings of ambient air dry-bulb temperature and relative humidity were taken 
to obtain air wet-bulb temperature from an electronic psychometric chart. These 
readings were taken behind the cooling tower (at the west side of the cooling 
tower).  
- Readings of temperatures of the hot and cold cooling water entering and leaving 
the cooling tower were taken from  temperature gauges fixed at the condenser 
with approximation depending on the design basis that condenser has 97% of the 
heating load. 
- All readings were taken at 1:00 pm. 
- Load of the engine and the condenser vacuum pressure were recorded. 
- Readings have been taken from August 2006 till April 2007. 
- Appendix A shows the design specifications of the cooling tower. 
- Unit number two of Khartoum North Power Station is chosen for the present 
analysis. The results of the experimental recordings were shown below in tabular 
and graphical form. 
- Cooling tower losses were also calculated below. 
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About Results: 
All the data shown in tables (6.1) and (6.3) are re-arranged so as to group 
performance of the cooling tower at similar cooling ranges. The data are then 
represented graphically in Figures (6.1) to (6.8). 
Figure (6.1) shows the variation of the cold water temperature against the wet bulb 
temperature of the ambient air at a cooling range of10 before maintenance. 
Figure (6.2) shows the variation of the cold water temperature against the wet bulb 
temperature of the ambient air at a cooling range of9 before maintenance. 
Figure (6.3) shows the variation of the cold water temperature against the wet bulb 
temperature of the ambient air at a cooling range of8 before maintenance. 
Figure (6.4) shows the variation of the cold water temperature against the wet bulb 
temperature of the ambient air at a cooling range of7 before maintenance. 
Figure (6.5) shows the variation of the cold water temperature against the wet bulb 
temperature of the ambient air at a cooling ranges of10 after maintenance. 
Figure (6.6) shows the variation of the cold water temperature against the wet bulb 
temperature of the ambient air at a cooling range of 9 after maintenance. 
Figure (6.7) shows the variation of the cold water temperature against the wet bulb 
temperature of the ambient air at a cooling range of 8 after maintenance. 
Figure (6.8) shows the variation of the cold water temperature against the wet bulb 
temperature of the ambient air at a cooling range of 7 after maintenance
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6.2. Results In Tabular Form: 
Table (6.1) Performance of Unit Two before Maintenance 
Date RH(%) Tdb (ºC) Twb(ºC) CW I/L(ºC) CW O/L(ºC) ∆Twb(ºC) ∆Tcr(ºC) ζ(%) Load (MW) Vacuum (mbar) 
15-Aug-06 41.2 34.7 23.963 43 35 19.037 8 42.02 27 250 
16-Aug-06 37.7 35.5 23.768 43 35 19.232 8 41.60 27 230 
17-Aug-06 41.3 34.5 23.829 43 34 19.171 9 46.95 26 225 
19-Aug-06 38.5 35.2 23.727 42 35 18.273 7 38.31 26 230 
20-Aug-06 20.8 40.8 22.782 42 33 19.218 9 46.83 26 250 
22-Aug-06 38.3 34.4 23.068 42 33 18.932 9 47.54 27 240 
23-Aug-06 38.4 36.5 24.701 44 34 19.299 10 51.82 25 240 
24-Aug-06 38.2 38.2 25.957 42 29 16.043 13 81.03 25 240 
26-Aug-06 33.2 39.1 25.319 41 30 15.681 11 70.15 26 245 
30-Aug-06 26 37.6 22.251 42 36 19.749 6 30.38 26 280 
31-Aug-06 33.9 36.6 23.658 44 36 20.342 8 39.33 26 280 
2-Sep-06 54.1 30.7 23.35 44 35 20.65 9 43.58 26.4 240 
3-Sep-06 55.1 30.1 23.02 42 35 18.98 7 36.88 25.65 240 
4-Sep-06 36.3 33.6 22 43 36 21 7 33.33 26 240 
5-Sep-06 24.9 40.9 24.17 44 35 19.83 9 45.39 26.9 280 
7-Sep-06 21.9 38.8 21.842 42 33 20.158 9 44.65 26.56 230 
12-Sep-06 37.9 36.9 24.889 42 34 17.111 8 46.75 25.04 240 
13-Sep-06 24.6 40.9 24.071 43 34 18.929 9 47.55 26.23 240 
16-Sep-06 31.3 37.8 23.855 43 34 19.145 9 47.01 26.16 240 
17-Sep-06 29.6 38.2 23.678 43 33 19.322 10 51.75 25 250 
18-Sep-06 26 37.6 22.251 42 36 19.749 6 30.38 26.1 230 
19-Sep-06 24.9 40.9 24.166 44 35 19.834 9 45.38 25.5 240 
20-Sep-06 38.2 38.2 25.957 42 29 16.043 13 81.03 24.8 250 
21-Sep-06 33.2 39.1 25.319 41 30 15.681 11 70.15 26.2 250 
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Table (6.1) Continued 
 
 
23-Sep-06 31.9 39.8 25.472 41 29 15.528 12 77.28 25.9 240 
24-Sep-06 33.9 36.6 23.658 44 36 20.342 8 39.33 25.2 230 
25-Sep-06 28.8 38.2 23.455 43 35 19.545 8 40.93 26.3 240 
26-Sep-06 25.7 40.3 24.006 44 34 19.994 10 50.02 24.9 250 
27-Sep-06 34.9 38.7 25.48 43 33 17.52 10 57.08 26.1 240 
28-Sep-06 33 39.4 25.486 44 33 18.514 11 59.41 26.1 240 
30-Sep-06 38.3 34.4 23.068 42 33 18.932 9 47.54 25.7 230 
1-Oct-06 33 39.4 25.486 44 33 18.514 11 59.41 26 280 
2-Oct-06 33.2 39.1 25.319 41 30 15.681 11 70.15 26 250 
3-Oct-06 24.9 40.9 24.166 44 35 19.834 9 45.38 25.6 240 
4-Oct-06 24.6 40.9 24.071 43 34 18.929 9 47.55 25.7 240 
5-Oct-06 25.7 40.3 24.006 44 34 19.994 10 50.02 27 250 
8-Oct-06 54.1 30.7 23.346 44 35 20.654 9 43.58 25 240 
9-Oct-06 55.1 30.1 23.021 42 35 18.979 7 36.88 26 240 
10-Oct-06 36.3 33.6 22.002 43 36 20.998 7 33.34 27 250 
11-Oct-06 24.9 40.9 24.166 44 35 19.834 9 45.38 26 280 
13-Oct-06 32 40 25.646 43 35 17.354 8 46.10 25 240 
14-Oct-06 36.2 37.6 24.991 41 32 16.009 9 56.22 25 250 
17-Oct-06 55.1 30.1 23.021 42 35 18.979 7 36.88 26 260 
19-Oct-06 29.6 38.2 23.678 43 33 19.322 10 51.75 25 260 
20-Oct-06 33.9 36.6 23.658 44 36 20.342 8 39.33 26 300 
21-Oct-06 34.9 38.7 25.48 43 33 17.52 10 57.08 26 300 
24-Oct-06 38.3 33 21.998 41 32 19.002 9 47.36 15 160 
25-Oct-06 36.9 33.5 22.063 41 32 18.937 9 47.53 16 170 
26-Oct-06 36.3 33.6 2.002 43 36 40.998 7 17.07 15 160 
27-Oct-06 37.9 36.9 24.885 42 34 17.115 8 46.74 15 155 
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Table (6.2) Arranged Table for Graphical Representation 
 
Date RH(%) Tdb (ºC) Twb(ºC) CW I/L(ºC) CW O/L(ºC) ∆Twb(ºC) ∆Tcr(ºC) ζ(%) Load (MW) Vacuum (mbar) 
24-Aug-06 38.2 38.2 25.957 42 29 16.043 13 81.03 25 240 
20-Sep-06 38.2 38.2 25.957 42 29 16.043 13 81.03 24.8 250 
23-Sep-06 31.9 39.8 25.472 41 29 15.528 12 77.28 25.9 240 
26-Aug-06 33.2 39.1 25.319 41 30 15.681 11 70.15 26 245 
21-Sep-06 33.2 39.1 25.319 41 30 15.681 11 70.15 26.2 250 
28-Sep-06 33 39.4 25.486 44 33 18.514 11 59.41 26.1 240 
1-Oct-06 33 39.4 25.486 44 33 18.514 11 59.41 26 280 
2-Oct-06 33.2 39.1 25.319 41 30 15.681 11 70.15 26 250 
23-Aug-06 38.4 36.5 24.701 44 34 19.299 10 51.82 25 240 
17-Sep-06 29.6 38.2 23.678 43 33 19.322 10 51.75 25 250 
26-Sep-06 25.7 40.3 24.006 44 34 19.994 10 50.02 24.9 250 
27-Sep-06 34.9 38.7 25.48 43 33 17.52 10 57.08 26.1 240 
5-Oct-06 25.7 40.3 24.006 44 34 19.994 10 50.02 27 250 
19-Oct-06 29.6 38.2 23.678 43 33 19.322 10 51.75 25 260 
21-Oct-06 34.9 38.7 25.48 43 33 17.52 10 57.08 26 300 
17-Aug-06 41.3 34.5 23.829 43 34 19.171 9 46.95 26 225 
20-Aug-06 20.8 40.8 22.782 42 33 19.218 9 46.83 26 250 
22-Aug-06 38.3 34.4 23.068 42 33 18.932 9 47.54 27 240 
2-Sep-06 54.1 30.7 23.35 44 35 20.65 9 43.58 26.4 240 
5-Sep-06 24.9 40.9 24.17 44 35 19.83 9 45.39 26.9 280 
7-Sep-06 21.9 38.8 21.842 42 33 20.158 9 44.65 26.56 230 
13-Sep-06 24.6 40.9 24.071 43 34 18.929 9 47.55 26.23 240 
16-Sep-06 31.3 37.8 23.855 43 34 19.145 9 47.01 26.16 240 
19-Sep-06 24.9 40.9 24.166 44 35 19.834 9 45.38 25.5 240 
30-Sep-06 38.3 34.4 23.068 42 33 18.932 9 47.54 25.7 230 
3-Oct-06 24.9 40.9 24.166 44 35 19.834 9 45.38 25.6 240 
4-Oct-06 24.6 40.9 24.071 43 34 18.929 9 47.55 25.7 240 
8-Oct-06 54.1 30.7 23.346 44 35 20.654 9 43.58 25 240 
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11-Oct-06 24.9 40.9 24.166 44 35 19.834 9 45.38 26 280 
14-Oct-06 36.2 37.6 24.991 41 32 16.009 9 56.22 25 250 
24-Oct-06 38.3 33 21.998 41 32 19.002 9 47.36 15 160 
25-Oct-06 36.9 33.5 22.063 41 32 18.937 9 47.53 16 170 
15-Aug-06 41.2 34.7 23.963 43 35 19.037 8 42.02 27 250 
16-Aug-06 37.7 35.5 23.768 43 35 19.232 8 41.60 27 230 
31-Aug-06 33.9 36.6 23.658 44 36 20.342 8 39.33 26 280 
12-Sep-06 37.9 36.9 24.889 42 34 17.111 8 46.75 25.04 240 
24-Sep-06 33.9 36.6 23.658 44 36 20.342 8 39.33 25.2 230 
25-Sep-06 28.8 38.2 23.455 43 35 19.545 8 40.93 26.3 240 
13-Oct-06 32 40 25.646 43 35 17.354 8 46.10 25 240 
20-Oct-06 33.9 36.6 23.658 44 36 20.342 8 39.33 26 300 
27-Oct-06 37.9 36.9 24.885 42 34 17.115 8 46.74 15 155 
19-Aug-06 38.5 35.2 23.727 42 35 18.273 7 38.31 26 230 
3-Sep-06 55.1 30.1 23.02 42 35 18.98 7 36.88 25.65 240 
4-Sep-06 36.3 33.6 22 43 36 21 7 33.33 26 240 
9-Oct-06 55.1 30.1 23.021 42 35 18.979 7 36.88 26 240 
10-Oct-06 36.3 33.6 22.002 43 36 20.998 7 33.34 27 250 
17-Oct-06 55.1 30.1 23.021 42 35 18.979 7 36.88 26 260 
26-Oct-06 36.3 33.6 2.002 43 36 40.998 7 17.07 15 160 
30-Aug-06 26 37.6 22.251 42 36 19.749 6 30.38 26 280 
18-Sep-06 26 37.6 22.251 42 36 19.749 6 30.38 26.1 230 
 
Table (6.2) Continued 
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Table (6.3) Performance of Unit Two after Maintenance 
 
Date RH(%) Tdb (ºC) Twb(ºC) CW I/L(ºC) CW O/L(ºC) ∆Twb(ºC) ∆Tcr(ºC) ζ(%) Load (MW) Vacuum (mbar) 
21-Mar-07 22.9 34.5 19.324 42 33 22.676 9 39.69 28 190 
22-Mar-07 22.3 32.3 17.731 40 32 22.269 8 35.92 29 200 
24-Mar-07 20.8 37.6 20.736 41 30 20.264 11 54.28 28 190 
25-Mar-07 19.5 32.3 17.021 42 33 24.979 9 36.03 28 200 
26-Mar-07 18.7 39.7 21.399 43 35 21.601 8 37.04 28 220 
27-Mar-07 21.3 37.2 20.629 43 35 22.371 8 35.76 24 150 
28-Mar-07 20.7 38.9 21.535 43 34 21.465 9 41.93 28 170 
29-Mar-07 17.2 39.8 20.964 43 35 22.036 8 36.30 29 200 
31-Mar-07 23.7 36.7 20.995 43 34 22.005 9 40.90 26 200 
1-Apr-07 25.6 31.8 18.206 42 33 23.794 9 37.82 28 210 
3-Apr-07 25.1 34.5 19.905 44 34 24.095 10 41.50 28 205 
4-Apr-07 18.7 31.2 16.131 40 34 23.869 6 25.14 28 190 
5-Apr-07 23.5 34.2 19.285 37 32 17.715 5 28.22 28 200 
7-Apr-07 23.1 37.3 21.22 41 30 19.78 11 55.61 28 200 
8-Apr-07 24.3 33.6 19.094 35 28 15.906 7 44.01 28 210 
9-Apr-07 21.9 35.3 19.574 38 28 18.426 10 54.27 28 210 
10-Apr-07 17.1 38.9 20.387 38 30 17.613 8 45.42 29 210 
11-Apr-07 15.3 40.1 20.496 36 29 15.504 7 45.15 29 190 
12-Apr-07 19.2 36.6 19.628 39 31 19.372 8 41.30 29 180 
14-Apr-07 16.5 33.9 17.2 36 29 18.8 7 37.23 28 170 
15-Apr-07 19.7 32.8 17.387 35 29 17.613 6 34.07 28 170 
16-Apr-07 23.8 30.7 17.042 38 30 20.958 8 38.17 29 190 
17-Apr-07 18.7 32.1 16.691 42 33 25.309 9 35.56 29 180 
18-Apr-07 16.7 34.9 17.857 42 34 24.143 8 33.14 29 200 
19-Apr-07 15.4 36.8 18.596 40 32 21.404 8 37.38 28 205 
21-Apr-07 13.9 39.2 19.494 40 31 20.506 9 43.89 27 200 
22-Apr-07 18.7 38.4 20.594 33 21 12.406 12 96.73 29 200 
23-Apr-07 21.2 37.3 20.663 33 25 12.337 8 64.85 28 200 
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Table (6.4) Arranged Table for Graphical Representation 
Date RH(%) Tdb (ºC) Twb(ºC) CW I/L(ºC) CW O/L(ºC) ∆Twb(ºC) ∆Tcr(ºC) ζ(%) Load (MW) Vacuum (mbar) 
22-Apr-07 18.7 38.4 20.594 33 21 12.406 12 96.73 29 200 
7-Apr-07 23.1 37.3 21.22 41 30 19.78 11 55.61 28 200 
24-Mar-07 20.8 37.6 20.736 41 30 20.264 11 54.28 28 190 
3-Apr-07 25.1 34.5 19.905 44 34 24.095 10 41.50 28 205 
9-Apr-07 21.9 35.3 19.574 38 28 18.426 10 54.27 28 210 
28-Mar-07 20.7 38.9 21.535 43 34 21.465 9 41.93 28 170 
31-Mar-07 23.7 36.7 20.995 43 34 22.005 9 40.90 26 200 
21-Apr-07 13.9 39.2 19.494 40 31 20.506 9 43.89 27 200 
21-Mar-07 22.9 34.5 19.324 42 33 22.676 9 39.69 28 190 
1-Apr-07 25.6 31.8 18.206 42 33 23.794 9 37.82 28 210 
25-Mar-07 19.5 32.3 17.021 42 33 24.979 9 36.03 28 200 
17-Apr-07 18.7 32.1 16.691 42 33 25.309 9 35.56 29 180 
26-Mar-07 18.7 39.7 21.399 43 35 21.601 8 37.04 28 220 
29-Mar-07 17.2 39.8 20.964 43 35 22.036 8 36.30 29 200 
23-Apr-07 21.2 37.3 20.663 33 25 12.337 8 64.85 28 200 
27-Mar-07 21.3 37.2 20.629 43 35 22.371 8 35.76 24 150 
10-Apr-07 17.1 38.9 20.387 38 30 17.613 8 45.42 29 210 
12-Apr-07 19.2 36.6 19.628 39 31 19.372 8 41.30 29 180 
19-Apr-07 15.4 36.8 18.596 40 32 21.404 8 37.38 28 205 
18-Apr-07 16.7 34.9 17.857 42 34 24.143 8 33.14 29 200 
22-Mar-07 22.3 32.3 17.731 40 32 22.269 8 35.92 29 200 
16-Apr-07 23.8 30.7 17.042 38 30 20.958 8 38.17 29 190 
11-Apr-07 15.3 40.1 20.496 36 29 15.504 7 45.15 29 190 
8-Apr-07 24.3 33.6 19.094 35 28 15.906 7 44.01 28 210 
14-Apr-07 16.5 33.9 17.2 36 29 18.8 7 37.23 28 170 
15-Apr-07 19.7 32.8 17.387 35 29 17.613 6 34.07 28 170 
4-Apr-07 18.7 31.2 16.131 40 34 23.869 6 25.14 28 190 
5-Apr-07 23.5 34.2 19.285 37 32 17.715 5 28.22 28 200 
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6.3. Results In Graphical Form: 
 
Fig (6.1) Cooling Range 10 before Maintenance 
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Fig (6.2) Cooling Range 9 before Maintenance 
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Fig (6.3) Cooling Range 8 before Maintenance 
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Fig (6.4) Cooling Range 7 before Maintenance 
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Fig (6.5) Cooling Range 10 after Maintenance 
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Fig (6.6) Cooling Range 9 after Maintenance 
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Fig (6.7) Cooling Range 8 after Maintenance 
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Fig (6.8) Cooling Range 7 after Maintenance 
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6.4. Cooling Towers Water Losses: 
When the total heat quantity removed by the cooling water from the saturated 
steam is equal to the total heat quantity released from the cooling water by the 
evaporation in the cooling tower, the following equation is satisfied; [11] 
  
Evaporation loss (m3/hr) = {(0.575+0.011DBT)* WF *                                     
(HWT-CWT)}/580                                     (6.1) 
Where: 
DBT   = Cooling tower inlet dry bulb temperature, ◦c 
WF    = Circulating water flow to cooling tower, m3/hr 
HWT = Hot water inlet temperature, ◦c 
CWT = Cold water outlet temperature, ◦c 
From the performance curve of the cooling water pump @ H = 23m, WF = 6700m3/hr  
E.Rate = {(0.575 + 0.011 * 41) * 6700 * (40-32)}/580 
(These readings were taken when there was no blow down to simplified the calculations) 
E.Rate = 94.82 m3/hr = 0.026 m3/s 
Make up = E.Loss + Drift Loss + Blow down + (Rise in the                        
CT basin level * CT Area)                          (6.2)      
The term (Rise in the CT basin level * CT Area) represents the change in the water 
volume in the basin. 
Therefore; 
Drift Loss = Make up - E.Loss - Blow down - (Rise in the CT basin level * CT Area) 
Drift Loss = 7000 - 94.82 - 0 + (0.096 * 28.71*18.71) 
Drift Loss = 26.75 m3/hr 
Evaporation loss = 94.82/6700 = 1.42% which is high compared with the design value 
(1.2%) [7] 
Drift Loss = 26.75 / 6700 = 0.40% which is too high compared with the design value 
(0.05%) [7] 
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6.5. Discussion of Results: 
- As a result of taking readings in a part of the year, wet bulb temperature did not differ 
greatly so the resultant performance curves did not show the overall view. They 
represent small part of the design performance curves (readings are enclosed in narrow 
scope). 
- Also, some of the resultant graphs have no correspondence in the design graphs because 
there are cooling ranges above the design cooling ranges as a result of atmospheric 
conditions changing. 
- As we note from the graphical results, before annual maintenance, at all cooling ranges 
the cures behaved opposite of the design curves except at the cooling range 9. 
- After annual maintenance, the resultant curves approximately behaved the same as the 
design curves. 
- The design efficiency of the cooling tower when new is (56%) compared with the 
efficiency of the cooling tower after maintenance (42.8%), Average efficiency. As a 
result of the bad situation of the components of the cooling towers and the change in the 
atmospheric conditions, the efficiency of the cooling tower after maintenance less than 
the efficiency before maintenance. 
- Figures below talk about the cooling tower situation during its life and the annual 
maintenance. 
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- Figures (6.9) and (6.10) below show mud and algae contamination on the cooling tower 
parts. 
 
Fig (6.9) Mud Contamination  
 
Fig (6.10) Algae Contamination 
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- Figures (6.11) below shows cooling tower fan failure which occurred on 9th May2006 
and the cause of this failure is unknown.[13] 
 
Fig (6.11) CT fan failure 
 
- Figures (6.12) and (6.13) show workers carrying out maintenance and replacement of 
the broken fan.[13] 
  
 
Fig (6.12) CT fan maintenance 
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Fig (6.13) CT fan replacement 
6.6. Cooling tower situation in the last annual 
maintenance: 
6.3.1. Grid Situation 
Figures (6.14), (6.15) and (6.16) show different views of the collapsed grid of the cooling 
tower fill material of unit one. This of course is expected to have an effect on the 
evaporation rate and hence cooling efficiency. 
 
 
Fig (6.14) Semi-fallen grid unit one 
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Fig (6.15) Semi-fallen grid unit one 
 
 
 
Fig (6.16) broken grid unit one 
 
 
 
 
  70
Figure (6.17) shows the polypropylene grid of the fill material of unit two. Also the 
situation is as worse as unit one and therefore a drop in cooling efficiency resulted. 
 
 
 
Fig (6.17) Polypropylene grid unit two 
 
2-Drift Eliminators Situation 
 
Figures (6.18), (6.19) show a view inside the cooling tower where the drift eliminators are 
placed. It is clear from this figure that some elements are missing and hence some water 
is expected to escape away with the moist air thus affecting make-up rate and moistening 
the surrounding cooling tower environment. Therefore regular inspection of these parts 
should be control out and measures to replace them when necessary, should be taken.  
.  
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Fig (6.18) missed cooling tower drift eliminators unit one 
 
 
Fig (6.19) Drift Eliminators Panels unit two 
- As it obvious, the cooling towers of Khartoum North power station are in bad 
conditions as a result of problems which they faces like the fan failure which 
occurred in 2006. 
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CHAPTER SEVEN 
CONCLUSION AND RECOMMENDATIONS 
 
7.1. Conclusion: 
- Khartoum North Power Station cooling towers situation has been studied and all 
readings are taken to obtain their performance. 
 - Unit two is taken as a sample for tabular and graphical representation.  
- The efficiency the cooling tower is found to be low due to many problems which the 
cooling tower faces such as: 
  * Cooling Tower Fans problems (breaking of blades, gear box problems [breaking of 
some gears as a result of vibration and shaft quality (high rate of shaft replacing because 
of bad quality)] ). 
   * Plugging of nozzles as a result of dust and algae contamination. 
    * Packing problems (algae and mud contamination and fills breaking) 
    * Algae contamination on the drift eliminators. 
    * Water losses as a result of broken and missed drift eliminators. 
- The lowering in the cooling efficiency results in higher condenser pressure and hence 
lower load of the engine. 
-  Also, the evaporation and drift losses are larger than design values. 
- The variation in drift losses may be attributed to missed drift eliminators. 
- Larger water losses mean larger amount of makeup water and hence larger amount of 
chemical dosing which means large operational cost.   
- It is worth mentioning here that this study covered only part of the year and only for one 
year so the wet bulb temperature values did not differ greatly so the resultant graphs did 
not reflect the complete picture for comparison with the design graphs. 
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7.2. Recommendations: 
As mentioned in chapter six, the cooling towers of Khartoum North Power Station are in 
bad situation. For this reason we can conclude that the efficiency of the cooling towers 
decreased. The following recommendations are proposed: 
 - As it projected at the end of the year, fills has to be replaced to increase the rate of 
water dispersion and hence increase the rate of heat transfer between water and air. 
 - Also, nozzles should be cleaned especially from mud and algae to allow for the correct 
water flow. 
 - Drift eliminators must be maintained to decrease the rate of drift losses. 
 - For the accurate efficiency calculations, gauges should be installed and calibrated.  
 - Instruments should be installed to measure hot water temperature in the risers and cold 
water temperature at the discharge of circulating water pumps. 
 - Generally, to improve tower performance, the following can be done: 
        * Add tower cell capacity  
        * Check for the efficiency losses  
        * Replace the heat exchange surfaces with new clean fill 
        * Check for proper air flow 
        * Adjust the water flow  
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